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Bordetella parapertussis and Bordetella bronchiseptica Contain
Transcriptionally Silent Pertussis Toxin Genes
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Pertussis toxin, the major virulence factor of Bordetella pertussis, is not produced by the closely related
species Bordetella parapertussis and Bordetella bronchiseptica. It is shown here that these two species possess but
do not express the complete toxin operon. Nucleotide sequencing of an EcoRI fragment of 5 kilobases
comprising the regions homologous to the pertussis toxin genes shows that in this region, B. parapertussis and
B. bronchiseptica are 98.5% and 96% homologous, respectively, to B. pertussis. The changes (mostly base pair
substitutions) in many cases are identical in B. parapertussis and B. bronchiseptica, suggesting that these two
species derive from a common ancestor. Many of the mutations common to B. parapertussis and B.
bronchiseptica involve the promoter region, which becomes very inefficient. The S1 subunits of both species,
when expressed in Escherichia coli, have the same ADP-ribosylating activity as the Sl subunit from B. pertussis,
indicating that the mutations in the Sl gene described here do not affect its function.

Pertussis toxin (PT) is the main virulence factor produced
by Bordetella pertussis, which is the human pathogen re-
sponsible for whooping cough (20, 26). It has recently been
shown that the five genes coding for the pertussis toxin are
organized as an operon (11, 18).

Bordetella parapertussis and Bordetella bronchiseptica
are two species closely related to B. pertussis, responsible
for mild forms of respiratory diseases in humans and animals
(20). The three species colonize the respiratory tract by
adhering to the cilia of the mucosa, have common surface
antigens, produce toxic substances (heat-labile toxin and
extracellular adenyl cyclase), and undergo phase variation
(20). DNA sequence homology between the genomes of the
three Bordetella species has also been shown (7). Within this
framework of evolutionary relationships, one feature clearly
distinguishes the three bacterial species: PT is not produced
by B. parapertussis or B. bronchiseptica (20). It is not clear
whether the absence of the protein is due to mutations of the
pertussis toxin genes or to their absence from the genomes of
B. parapertussis and B. bronchiseptica. The availability of
the PT genes has allowed us to tackle this problem at the
molecular level. A detailed analysis of the structure and
location of PT genes of the related species is relevant since
a conversion from B. pertussis to B. parapertussis has been
postulated during pertussis epidemics, when the two species
are often isolated together (5, 10, 15), sometimes even from
the same patient (3, 9). It has also been suggested that such
conversion can occur under laboratory conditions after
nitrosoguanidine mutagenesis or phage lysogenization (8,
14).
Our results show that the genomes of B. parapertussis and

B. bronchiseptica contain mutated PT genes which are not
transcriptionally active within the promotor and coding
regions. Nucleotide sequence analysis of the genes reveals
that B. parapertussis and B. bronchiseptica derive from a

common ancestor and that B. parapertussis cannot easily be
converted to B. pertussis.

* Corresponding author.

MATERIALS AND METHODS

Strains and media. The strains of Bordetella used in this
work are listed in Table 1. B. pertussis strains 165 and
Tohama were available in our laboratory. B. pertussis S86,
S861, and SAl were isolated in Siena, Italy. The strains of B.
pertussis from England and Argentina, B. parapertussis PP1
and 70, B. bronchiseptica 7306, 4, and 241, and Alcaligenes
faecalis 171 were kindly supplied by N. W. Preston of the
World Health Organization Pertussis Reference Laboratory
(Manchester, England). The strains of B. pertussis, B.
parapertussis, B. bronchiseptica, Bordetella avium, and
Alcaligenes designated CCUG were kindly supplied by
Enevold Falsen from the Culture Collection, University of
Goteborg, Sweden. B. parapertussis 3715 and 32259 were

obtained from J. Hoppe (Tubingen, Federal Republic of
Germany). Escherichia coli JM101 (27) and K-12 AH1 Atrp
(21) have already been described. B. pertussis strains were

grown in Bordet-Gengou plates (20) or Vervey liquid me-

dium containing cyclodextrin (1 mg/ml) (6). Vervey medium
contains (per liter) 14 g of Casamino Acids, 0.2 g of KCl, 0.5
g of KH2PO4, 0.1 g of MgCl2 6H20, 20 mg of nicotinic acid,
10 mg of glutathione, and 1 g of starch. E. coli strains were
grown in LB plates or LB liquid medium (12).
DNA procedures. Manipulations of DNA were performed

by standard procedures (12). The chromosomal libraries of
B. parapertussis and B. bronchiseptica were constructed in
the EMBL4 phage vector as described by Frischauf et al. (2).
Following identification of positive recombinant clones by
plaque hybridization (12) with the cloned PT operon as a

probe (18), the EcoRI fragments containing sequences ho-
mologous to the PT operon were subcloned in the plasmid
vector PEMBL8+ (1) and sequenced by the method of
Sanger et al. (22), with synthetic oligonucleotides as primers.
The oligonucleotide primers were designed by the sequence
published by Nicosia et al. (18) and synthesized with an

Applied Biosystems model 380A synthesizer.
RNA procedures. RNA was prepared from Bordetella

species as follows. Samples were taken at intervals from a

culture growing in liquid medium and centrifuged, and the
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TABLE 1. Strains used

Strain Source and yr of isolation Serotype Reference patteioa

B. pertussis
165b
M/M23/2
M9
BN3
M/06092/70/6
M/06092n0/5
M/04772/70/2
AR1
AR4
AR2
Tohama
18323 (type strain, ATCC 9797)
CCUG 4472
CCUG 4473
CCUG 4475
CCUG 13456
CCUG 13337
CCUG 17531
CCUG 17138
S86
S861
SAl

B. parapertussis
CCUG 413
PP1
CCUG 882A
11107
CCUG 13437
32259

3715

P14
ATCC 9305
70

B. bronchiseptica
CCUG 219 (type strain, ATCC 19395)
CCUG 1422
7306
CCUG 1326
CCUG 1111
CCUG 4878
CCUG 7865
ATCC 4617
4
241

B. avium
CCUG 13726
CCUG 14270
CCUG 14271
CCUG 14939

Alcaligenes spp.
A. piechaudii CCUG 366
A. piechaudii CCUG 1273
A. xylosoxidans CCUG 407
A. xylosoxidans CCUG 367
A. faecalis 171

Unknown
England, 1967
England, 1963
England, 1963
England, 19701 Isolated from
England, 1970 the same
England, 1970 J child
Argentina, 1971
Argentina, 1971
Argentina, 1971
Unknown
Unknown, before 1947
Sweden, 1975
Sweden, 1975
Sweden, 1975
Sweden, 1983
Sweden, 1983
Sweden, 1985
Sweden, 1985
Italy, 1986
Italy, 1986
Italy, 1987

England, 1939
England, before 1948
England, 1948
England, 1966
Sweden, 1983
Federal Republic of Germany,

1985
Federal Republic of Germany,
1985

United States, 1986
Unknown
Unknown

United States, 1912
England, 1950
Denmark, before 1957
Denmark, 1957
United States, 1970
Sweden, 1976
Sweden, 1979
Unknown
Unknown
Unknown

Belgium, 1983
Belgium, 1983
Belgium, 1983
France, 1983

Denmark, before 1968
Sweden, 1971
England, before 1969
Denmark, before 1968
Unknown

1, 2, 3
1, 2
1, 2, 3
1, 3
1, 2
1, 2, 3
1, 3
1, 2
1, 2, 3
1, 3
1, 2, 3
1, 2, 3
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

23
This work
This work
This work
This work
This work
This work
This work
This work
This work
6
20
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

C-D
C-D
C-D
C-D
C-D

C-D

C-D
C-D
C-D
C-D

C-D
C-D
C-D
C-D
C-D
C-D
C-D
C-D
C-D
C-D

This work
This work
This work
This work
This work

5

This work
This work
This work

20
This work
This work
This work
This work
This work
This work
20
This work
This work

This work
This work
This work
This work

This work
This work
This work
This work
This work

a Southern blots of chromosomal DNA digested with EcoRI were hybridized with EcoRI-C (Fig. 1). The probe hybridized with a band comigrating with
fragment C or fragment C-D (Fig. 1) or did not hybridize (shown as C, C-D, and -, respectively).

b This strain is used to prepare cellular vaccine by Sclavo S.p.a. and was obtained from the Bureau of Biologics.
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pellet was frozen in a dry ice-ethanol bath. The pellets were
then suspended in 1 ml of cold 10 mM Tris-1 mM EDTA, pH
7.5, containing 500 jig of proteinase K per ml, vortexed, and
mixed with 1 ml of 0.2% sodium dodecyl sulfate (SDS) to
lyse the cells; 0.8 g of CsCl was then added to the lysate,
which was layered over 2 ml of a 5.7 M CsCl cushion in an
SW65 ultracentrifuge tube atid centrifuged at 35,000 rpm for
12 h. The peflet containing the RNA was then suspended in
200 ,ul of 10 mM Tris-1 mM EDTA-0.2% SDS, pH 7.5,
phenol-chloroform extracted, precipitated with ethanol, and
suspended in water. The amount of PT mRNA was deter-
mined by dot-blot hybridization; the RNA was suspended in
10 ,ul of a solution containing 130 ,ul of 40% formaldehyde in
330 RIl of water. Then, 10 RI of 4 M NaCl was added, and the
RNA was spotted onto the nitrocellulose filter. Three four-
fold dilutions (2 pig, 0.5 ,ug, and 0.125 pug) were used for each
RNA sample. Filters were hybridized with a single-stranded
RNA probe complementary to the Si mRNA obtained from
a clone of the Si gene in the SP6 vector. The SP6 vector was
obtained from Promega Biotech (Madison, Wis.) and used as
specified by the manufacturer. Hybridization was performed
under standard conditions (12), followed by extensive wash-
ings at high stringency in 0.2x SSC (ix SSC is 0.15 M NaCl
and 0.015 M sodium citrate) at 68°C.

Assays for PT. The Chinese hamster ovary cell assay (4)
was used to test the biological activity of PT. Quantitative
determination of PT in culture supernatants of cell extracts
was performed by enzyme-linked immunosorbent assay
(ELISA) (23). Purified goat anti-PT immunoglobulins or
fetuin was used to coat microtiter plates. Following incuba-
tion with antigen-containing preparations, a conjugate made
of affinity-purified anti-PT rabbit gammaglobulins covalently
coupled to alkaline phosphatase was added. PT was esti-
mated by the resulting alkaline phosphatase activity.
Production of recombinant Si subunits and ADP-

ribosylation assay. The Sau3a-XbaI fragment from nucleo-
tides 612 to 1317 (18), encoding the native Si subunit, was
cloned in the vector PEX34b (24) digested with BamHI and
XbaI. The resultirig plasmid encoded a fusion protein of
36,000 daltons, which was tenmperature induced and purified
as described previously (17, 24). ADP-ribosylation of
transducin by the recombinant Si subunits was performed as
described by Manning et al. (13).

RESULTS

B. parapertussis and B. bronchiseptica contain DNA se-
quences homologous to the PT genes. Following identification
of the genes coding for PT (11, 18), we used them as a probe
on Southern blots (12) of chromosomal DNA from B.
bronchiseptica, B. parapertussis, B. avium, and Alcaligenes
spp. B. parapertussis and B. bronchiseptica gave strong
hybridization, suggesting that the two species contained at
least part of the genes. No homology was detected with B.
avium or Alcaligenes DNA (Table 1). To further character-
ize the regions homologous to the PT genes, we cloned the
genomic DNA of B. bronchiseptica and B. parapertussis into
phage EMBL4 and isolated positive overlapping clones,
which were characterized by restriction mapping and hybrid-
ization analysis. A comparison of the genomic fragments of
the three Bordetella species showed homology within the PT
gene and the region downstream fromn it, except for the
deletion of an EcoRI site downstream from the PT genes
which fused fragments C and D of B. pertussis into a single
fragment C-D (Fig. 1, fragments C, C-D, E, and F). In
contrast, the sequences upstream from the PT genes (frag-

bpl
bp5

Bp

9pp

b3

bpp3
bpp4
bb2
bb4

,.. 1Kb

FIG. 1. EcoRI restriction map of the chromosomal region con-
taining the PT genes in B. pertussis BP165 (BP), B. parapertussis
ATCC 9305 (Bpp), and B. bronchiseptica ATCC 4617 (BB). The
fragments of DNA fromi B. parapertussis and B. bronchiseptica
which are homologous to the corresponding fragments of B. pertus-
sis are shown as black boxes. The PT genes are contained in
fragment C. In B. parapertussis and B. bronchiseptica, fragments C
and D are fused into a single fragment C-D. Fragment A and most of
fragment B are replaced in both species by a new fragment G (dotted
box). It has been shown by Southern blot hybridization that frag-
ments A and B are present somewhere else in the chromosome of B.
parapertussis and B. bronchiseptica and that fragment G is also
present in the chromosome of B. pertussis. Above and below the
restriction endonuclease maps, the arrows indicate the overlapping
recombinant phages which were used to construct the map; numbers
identify the clones.

ment G) of B. parapertussis and B. bronchiseptica, although
similar to each other, were different from the equivalent
regions of B. pertussis DNA (fragments A and B).

Nucleotide sequence. A detailed analysis of fragment C-D
showed that it contained sequences homologous to each of
the five genes for PT, raising the possibility that B.
parapertussis and B. bronchiseptica may encode a func-
tional PT. To answer this question, fragment C-D from both
species was subcloned in the plasmid vector PEMBL8+ (1)
and sequenced (22). Figure 2 shows a comparison of the
sequences of the PT genes of B. pertussis with those of B.
parapertussis and B. bronchiseptica. The sequence conser-
vation is considerable; in this region, the homology of B.
pertussis to B. bronchiseptica and B. parapertussis was 96
and 98.5%, respectively. The mutations were mostly base
substitutions, except for a 5-base-pair (bp) insertion found at
position 323 of the B. parapertussis gene. It may be noted
that a large proportion of the mutations of the B. parapertus-
sis and B. bronchiseptica sequences were common to both
species (boxed nucleotides in Fig. 2), and 50% of the
common mutations were clustered within 72 bp comprising
the region at the 5' end of the promoter and the promoter
itself. Two of these mutations (one T-to-C transition in the
-35 region and one in the -10 region) were severe
downmutations for E. coli promoters (28) and severely affect
the efficiency in E. coli of the promoters of B. parapertussis
and B. bronchiseptica (19).
Another mutation of interest was that at position 4694,

where the T-to-G transversion deleted the EcoRI site which
is present in B. pertussis. This change, which fused the
EcoRI fragments C and D of B. pertussis into a single
fragmnent C-D (Fig. 1), was conserved in all the isolates that
we tested (Fig. 3 and Table 1) and can be used to differentiate
B. pertussis from B. parapertussis and B. bronchiseptica.
Amino acid sequences. The amino acid sequences of the

five subunits, deduced from the nucleotide sequences, are
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I CGAATICGTC CCTCCCCCO C Cm ATCOCCCCCA AOGAACCCA

51 CCCCAAGATA ATCCTCCTGC TCAACCOCCA CATCAACCAC OCOCTAOCr
101 CCAACoCCOT CCTCCACGCC TCOCCCCCC LACOCOCCAC CCCCOTCATC
151 OCCACOCC0G ATCAGAC~C CC cTACCAACCAGA TVrCCACGCTO
201 COCOCCUTC GTaCaCCGAC CTrAAcTAG CAGCCAGCC
'51 CTCCAAMCOC CCATSCCCCT CCOCCOTGCATGT

301 CAACCtCCAA CACAtCCCCCTCCATTC

3511Csi A CCCAT CATCAC CG GAACTCCT!CCGG

401 CGCAAATC CCACCC

451 CAGACOcGAA

Sol CC TOOTCCITGCACTC GCWAATTCGC CAAACCCCAA GAACAGGCTG

bS1 ~~~~~~~~~G
ss1 TrG^CT A ITCCcTICACCCCCCCW A C

601 CAT=GCCGA CATCCTCCC GCCACCOTAT ACCCCTATGA CTCCCGCCCG
G G

651 CCGA;GAcAG Tr1CCAGAA CGGATCCACG OcGT0cGGAA ACAACGAAA

7,01 TGTGCTCGPs CATCTOACCG GACCGTCCG CCAGGTCCGC AGCACAACA
T C

-s1 CCGCmCGT CTCCACCAGC AGCAGCCOCC GCTATACCGA WTCTACC
601 GAACATCGCA TOCAGGAAGC GGTCCAGGCC GAACGCGCCG OCAwOOCAC

9S5 CGGCCACT ATCGCCTACA TCTACGAAGT CCGCGCCGAC AACAArmT
A

901 AaGGCGCCGC CAGCTCGTAC rTCMATACG TCGACA^CATTGACACAAT

S1 GCCGTA TCCTCGCCGG CGCOCTGGCC ACCTACCAGA GCGAATATC

1001 GOCACACCO CGCATrCCGC CCG ACAT CCGCAGGTAA
C G C C

1051 ATCACMACGG CATCAcCCOC GAGACCAGA CCAcGGAGTA 3 AGCT
a UG CS

1101 CGCTACGTCA GCCAGCAGAC TCGCGCCAAT CCCAACCCCT ACACATCGCG
A T

1 AAGTCCCTA GCGTCGATCG TCGGCACATT GTOCOCATG GCGCCGGTGA
ACC

1:01 CATOUGCGG CAGGCCGAMA CiCGAGGC CATGGCAGCC

1:51 TCCMC GCGCCGGCA GCGATGT CTC TACT ACGAAAGCAT
C A

1201 GcGTATTCG TTCTAGACCT GGCCCAGCC CCCCAACTC cGGTAATTGA
C

1351 ACAGCATOCCi ACOC AAGACGCTCT GCCATCTCCT GTCCGITCTO

1401 CCGTCoGCCC T TCACGTGGCG CCCCTCCA COCCAGOCAT
T G C

1051 CGATTCCG CCGCGAGGMC AGATrACCCA GCDG C CCCTATGAC

1'01 GCTWGCGAA CAAGACCCGT GCCCTGACCG TWCGCGATT GCOCAGC

l'S5 GGCGAGC AGGAMACCT GC A CMCGCGGCT TCATATI
1601 TCGaCTC GATGGCACCT ATCTcoC CGAATAT(W OGCGCTATCA
16SI AGGACGGAAC ACCCGGCGGCC CArGcACC TCAAAACGCAC G-ICTCATC

G T
1l01 ATGACCACGC GCAATACGGG TCAACCCGCA ACGGATCACT ACTACAGCAA

1'51 C;TCMCCCC ACTCCCCT0C TCTCCACAC CAACAGCAGG CTATGCGG
1601 TCITCTrCAG AAGCGGCAA CCGCTCATTC CCClCCTGAC CAGCCCCGTAT

1351 GMAGCGCAGT ACIAGCAT GTACAGCCGG CCOGAA TOTrCT
A

1i01 GATCTACCTO CCCGGCATCT CC G T CCATGTCAGC AAGGMGAAC

c A
1951 ACTA7TACCA CTATGGAC GCAAC CC AGA ACGC CC C

C T
2001 ATCTCCATCT 0CAATCCTG

2051 CGAACCACC CCCCOCGACA COCCCC GCcGTC CCCTCOCC
A T CA

2101 CCTOGCCSCC rCOCCAT CCCGCCCCAT GACCCATCZT TCCCCCCCC
A a

2151 TOGCCGCTC TCCrATCTG CTGGTCAAGA CCAATATGrOTCTCACCACC
2201 GTAGCCATGA ACCATGA AGTCACCCC ACGCOCATOC IOTCToC

2251 CATCOCC aITOCCc CCCCOcccaG CA CCCOGAC OCACGeOC
T CT

2301 CCIGTCTOCT CCCAACAT CTCAACTC CCOCCACCA TCCCca

2351 crGTcasO1C CCOCCCCsCATOCAACA ccOccOCT Oc c TT

2401 OcTCCAAC CAATAC IVCAAsCC AA CCCCOCC AGAACAC

2451 OGCTOCC Saccoc ACACCAIT GCCCC AAC oCOAACCCCA85=

2.501 TOCATACCAT COCATCCATC CTOr?1OTCCO TMTIOATATACAGCCCG
c a

251Cs ACTC CCOOCTYOCC OACCCATCTO TACAAGAACT TCACTUTCCA
a A c

2601 CTGAAACTOA A CAOGAGTTC TOCCTGACCG

A A~~~~~~~~~a2651 CCrrC e OOCAAACC CTn w~O cG:wC=T CaC;OA
GA C

2701 CACOCAOAATOI COAACT CTIC1 CCATATCO

2751 CTATGCCT AAGACCOCA TCGCCXCWAC OGTW AAGAC TcccccrATC
2601 cooOCAcTCC CGGCGATCTG CTCGAACTGC AATCTCCC OCTCAACGA

c c c c a T e c2551 SASC CCC A TO

2651 TATICCOAAT GAACCCITCC GGAOGTTTCG ACGTrTCCOC GCAATCCGCT
T

T
2901 TGAGACGATC TTCCGCCCTG GTTCCAT1CC GGGAACACG CAACATGCTG

2951 ATCACAACA AGAACTGCT TCATCACAT

3001 CCTGCTGGC ATCCGCACGG CCCAWCCGT TCoCCAcoC ATCCTCATCC
C C A

3051 CGCCGAAOGC ACTGCACC CAACJOOCO OCGCCTATOG ACGCTGCCCG
C C CG

3101 AACGGAACCC GCOCCTIGAC CT92CGCOGCA ACOCCGAATr

A G
3151 ocAGACOTAT TTGCGCCAGA TAACGCCCOr CTGGTCCATA TAC

T
3201 ATGACO=TAC GTACCTGOWC CAGGOCTACG GCOGCATCAT CAAGACGCCC

GC GC Cc CTC AGA C
3251 CCcCCCGCCG CGGOCTTCAT TrATCGCCGAA ACTICIC TCACGACCAT

C TC A G AAA
3301 ATACAAGACC GWCAACCOG CTGCGATCA CTACTACAGC AAGTCACGG

G
C G C C

:351 cCCAGCGCT GCTCGCCAGC ACCAACAGCA GGCTTC GGTATr'GTC
T A& C C A C C A TC

3401 AGOGACCOOC AATCGGTCAT GCCAGCCCGT ATGAAGGCAG

G T G
3451 OTACAGAGAC ATGTACGACG CCCGCCC=A ATGATCTATA

T A
3S01 TTCCGGCCT TOCCCTACGC GTCCACGTCA GCAAGGAAGA GCACTATTAC

T A C G T C A
SS1 GACTACGAGG ACGCCACATT CCAGACCTAT GCCCSCACCG GCATrCCCT

G-ftrc .04T TC C CT
3601 CTGCAACCCC GCAGCGTCGA TATGCTGAC

A G CA CCA C A TC A C G
36S1 CCTICAATLm.X G ACGCATACCG CGAATAATC CCTTAAAGA

f A G C ACG T
3,01 C ACATCGCTACCGCCG r CATGGCAGCC TCACCCTGT

C
CTO T GA C A

3751 TGCCGCCAC GCCTCCCGAC CCGGG G TGCAGCGC
AG 0 CAC G A G

1301 CTCAACCACT TCATGGCGG CA C GTACTSCGCG GCGCGTCAGT
C C A C

3651 GGCCACCGTO ACCATCGOCCA T GC GCGTACAAG CTGCTCTC
3901 GGCACGCCGA TGTGCTGGAC GTOTGCGAG TTCTGGCTG ACTGCTG

3951 ATCGCCCAT CGGCCGAAAT C ACTCGTTAT CTGC CT GAATCCTOG
C T

4001 CCTATC"AAC ATGCGTGATC CCTLTrCAA GOGCTCACC
4051 TOCTrATG CGTACCCCCC ACOCCGCTOC CCGTGTCCAG CGGCACCAST

4101 GCCCCSCC GCATCTGGTr CAGCATCGCC ITTCTOGCCT TGlmCCGT
4151 0OCATCOCTq CCATGCOGA TCATGATCC GCOCTOAC CACCAGTTCC
4201 GCCTCATCTo ccITACC CC OGCTGAGCCG OGACCOCACC
4251 CATCCG OGCAAAGTAC CGTTAoG cccCGf ACGCCGAC

4301 CCCCCCCCC CTGCGCAAGC CATOAACCOG CGCCCCGCC AGACCGCATT

4351 TOOCCAT C ACCOCOCCT C -C CATVCCACA

4401 GCAOCCACCT CACOGACACG ACOCTCATCA CCCATSOCGC WCACCTI IC

4451 COCACCTQGC OCCTACACOG AATCCTICCCQC AOCCAGACCT
4501 GCOTC A COCCATGAAC AGCTCAACCC CCTOTOCC CCSATCTG
4S51 OccAcAGOTr cccTeO ATCCATTOCA TCCCCCGCA GACOCCAGCC

A

4601 COGTOCTO COCTCTACOA AAATCCCTIC TS=CCOCOCGC

4651 CTACAACOCC COOCTOAACG COCCOCAOC AATOACGAAC

4701 TCACCCTOGT ATATCCGCCT cce CTGAA GCGTCCCAT
4751 CACCOCCAC CCA:GTCc CCCOCCAAM CTOOCCCATO TACCACOCAT

C
4601 OGACLcAATC A cc CCTCCCCAO C CATOOCCAGA

4651 ACCACOWCA OCCATCAUCTCC OCC OCCA COG COCX
4901 COOCTACT CCCCACOCT CACCCTOT CaTIC

J. BACTERIOL.
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1 2 3 4 5 6 7 8 9 10 I1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

C-D_. _ __
C_ m --- - m

FIG. 3. Southern blot of EcoRI-digested chromosomal DNA
from Bordetella species hybridizd to the EcoRI fragment C of Fig. 1.
All the B. pertussis tested had a fragment comigrating with fragment
C, while the strains of B. parapertussis and B. bronchiseptica had a
fragment comigrating with fragment C-D. Lanes: 1, B. parapertussis
ATCC 3715; 2 to 14, B. pertussis isolates as listed in Table 1; 15 to
20, B. parapertussis isolates as listed in Table 1; 20 to 26, B.
bronchiseptica isolates as listed in Table 1; 27, B. pertussis 165.

shown in Fig. 4. B. parapertussis encoded a subunit S4
which was identical to that of B. pertussis and subunits S3,
S5, and Si with 2, 1, and 11 mutations, respectively. Most of
these mutations involved conservative changes of amino
acids which should not interfere with the function of the
subunits. In marked contrast, subunit S2 contained a stop
codon in position 170. B. bronchiseptica encoded subunits
Si, S2, and S4 containing four, three, and seven mutations,
respectively. Again, these mutations involved conservative
changes of amino acids which should not interfere with the
function of the subunits. Subunit S5 contained 11 mutations.
The first one involved the ATG start codon, which became
GTG (GTG can also be used as a start codon). Some of the
other mutations involved changes in charged amino acids
and could interfere with the structure or function of this
subunit. Subunit S3 was heavily mutated, containing 35
mutations of all kinds which could interfere with its function.
PT operons of B. parapertussis and B. bronchiseptica encode

functional proteins but are transcriptionally silent. The results
obtained so far have shown that B. parapertussis and B.
bronchiseptica encode the five subunits of PT and that most
of them, if produced, might be functional. To determine
whether the mutated proteins are active, we assayed the
enzymatic activities of the recombinant Si subunits of B.
parapertussis and B. bronchiseptica and compared them
with that of the wild type. Function assays for the other
subunits are not available. The sequences coding for the Si
subunits of B. parapertussis and B. bronchiseptica were
introduced into the plasmid vector PEX31 and expressed as
fusion proteins in E. coli (17). The resulting proteins were
assayed for ADP-ribosylation activity, and no difference was
found between the activity of the proteins from the three
Bordetella species (Fig. 5). These data suggested that the PT
genes, if expressed, could play some role in the pathogenic-
ity of B. parapertussis and B. bronchiseptica, and therefore
we investigated the expression of the PT genes in these two
species. Phase I B. pertussis, B. parapertussis, and B.
bronchiseptica were grown in parallel, and the amount of PT
in the culture supernatant, periplasmic fraction, and total
cell lysate and the amount of PT mRNA were determined by
ELISA and dot-blot hybridization, respectively (17). In no

case could PT mRNA or PT be detected in B. parapertussis
or B. bronchiseptica (data not shown).

DISCUSSION

The results reported in this paper show that B. parapertus-
sis and B. bronchiseptica contain but do not transcribe the
PT operon. The lack of expression is most likely due to a
cluster of mutations common to B. parapertussis and B.
bronchiseptica which severely affect the efficiency of the
promoter and could interfere with the action of the trans-
acting regulatory element encoded by the vir locus, which
has been shown to be necessary for transcription of the PT
operon (19, 25). Expression of the S1 subunits from both
species in E. coli showed that the silent S1 genes encoded
functional proteins. The findings reported in this paper
propose the question of why the PT genes have been
maintained in B. parapertussis and B. bronchiseptica if they
are not expressed and therefore do not confer any evolution-
ary advantage. A possible explanation could be that B.
parapertussis and B. bronchiseptica have diverged recently
from B. pertussis and have not had enough time for complete
evolution; in this case, we should expect these two species
to lose these silent genes in the future. Alternatively, we
could speculate that the mutations in the promoter region
may not really inactivate its function but simply alter its
regulation and that the PT genes of B. bronchiseptica and B.
parapertussis are positively activated by a gene different
from vir and are expressed in growth conditions different
from those of B. pertussis. This last hypothesis would offer
an explanation for the facts that the entire operon is con-
served in both B. bronchiseptica and B. parapertussis and
that most of the amino acid substitutions are conservative.
The fact that subunit S2 of B. parapertussis contains a stop
codon would not be in disagreement with this hypothesis,
because subunits S2 and S3 are homologous and could
substitute for each other, as they do in B. pertussis BP356, a
mutant which lacks subunit S3 but produces active PT (19).

Analysis of the nucleotide sequence of the PT operon in
both species showed that many of the mutations were
common to both B. parapertussis and B. bronchiseptica.
This finding strongly suggests that these two species derive
from a common ancestor. Alternatively, the PT genes could
have been introduced by transposition, transduction, or
other mechanisms into two separate species or transferred
from one species to the other.
The observation that B. parapertussis contains 70 muta-

tions scattered all over the PT operon allowed us to conclude
that the proposed conversion from B. pertussis to B.
parapertussis and vice versa is impossible because many
independent mutations or major recombinational events
would be required. This finding is in agreement with a recent
study (16), in which the authors reached the same conclusion
by studying the isoenzymes of several isolates of Bordetella.

FIG. 2. Nucleotide sequence of the EcoRI restriction fragments C and D (Fig. 1). Fragment C-D from B. parapertussis ATCC 9305 and
B. bronchiseptica ATCC 4617 was subcloned in the plasmid vector PEMBL8+ (1) and sequenced by the method described by Sanger et al.
(22). The sequence of fragment C from B. pertussis BP165 (nucleotides 1 to 4696) has been published (18). The sequence from nucleotides
4696 to 4936 is reported here for the first time. The bases which are different in B. bronchiseptica ATCC 4617 and B. parapertussis ATCC
9305 are reported above and below the main sequence, respectively. For B. parapertussis, the sequence has been determined only from
nucleotides 200 to 4700. The promoter region of the PT operon is indicated (P), and the -35 and -10 regions are underlined. The beginning
of the genes coding for each of the five subunits are indicated by arrows S1 through S5. The termination of the PT operon (T) is also indicated
by arrows above an inverted repeat followed by a stretch of T's (underlined). B. bronchiseptica and B. parapertussis differ from B. pertussis
by 192 and 72 bp, respectively, and therefore in this region homology to B. pertussis is 96% for B. bronchiseptica and 98.5% for B.
parapertussis. Thirty of the mutations are common to B. parapertussis and B. bronchiseptica (boxed), and 50% of the common mutations are
concentrated in 72 bp comprising the promoter and the region immediately preceding it.
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Si
1 hRCTRAIRQT ARTGWLThLA ILAVTAPVTS PAHADDPPAT VYRYDSRPPE

R
E

51 DVFQNGFTAW GNNDNVLDFIL TGRSCQVGSS NSAFVSTSSS RRYTEVYLE4
E

101 RMQEAVEAER AGRGTGHFIG YIYEVRADNN FYGAASSYFE YVDTYGtNAG
I

151 RILAGALATY QSEYLAHRRI PPENIRRVTR VYHNGITGET TT1EYSNARY
T P L

T P
201 VSQQTRANPN PYTSRRSVA9 IVGTLVRMAP VIGACMARQA ESBEAMAAWS

T T T P

251 ERAGEAMVLV YYE8IAYSFA
T

S2$
1 MPIDRKTLCH LLSVLPLALL GHVARASTP GIVIPPQEQI TQHGSPYGRC

s F C G

51 ANKTRALTVA ELRGSGDLQE YLRHVTRGWS IFALYOGTYL GGEYGGVIXD

R F
101 GTPGGAFDLK TTFCIMTTRN TGQPATDHYY SNVTATRLLS STNSRLCAVF

151 VRSGQPVIGA CTSPYDGKYN SMYSRLRKML YLIYVAGISV RVHVSKEEQY
A

201 YDYED&TFE YALTGISICN PGSSLCA

S3
L Ri S L7C

1 MLINNKKLLH HILPILVLAL LGMRTAQAVA PGIVIPPKAL FPQQGGAYGR
A T oS

51 CPNGTRALTV AELRGNAELQ TYLRQITPGW SIYGLY=GTY LGQAYdGIIK
R AGAL QKP Y DT G

101 DAPPGAGFIY RETFCITTIY KTGQPAADHY YSKVTATRLL ASTNSRLCAV
M

A KPL TR QSS G V V
151 FVRDGQSVIG ACASPYEGRI RDMYDALRRL LYMIYMSGLA VRVHVSKEEQ

v
E I

201 YYt3YEDATFQ TYALTGISLC NPAASICk

S4
L P T M HR Q

1 ML]kRFPTRTT APGQGGARRS RVRALAWLLA SGAMTHLSPA LADVPYVLVK

51 TNMVVTSVAM KPYEVTPTRM LVCGIAAKLG AAASSPDAHV PFCFGKDLKR

101 PGSSPMEVML RAVFMQQRPL RMFLGPXQLT FEOKPALELI RMVECSGKQD

151 CPA

S5
V T

1 MQRQAdLPLK ANPMHTIASI DSVLVYSPAGLPTHL YKNIQELA

D L P E RTRG
51 LKLKGKNQEF CLTAFSGRS LVRACLSDAG H E7F4 LGFAISAYAL

P

101 XSRIALTVED SPYTPGDL LELQICPLNG YCEA

FIG. 4. Deduced amino acid sequence of the five subunits of PT
in the three species of Bordetella. The sequence reported is for
B. pertussis (18). The differences in B. bronchiseptica and B.
parapertussis are reported above and below the main sequence,

respectively. *, Stop codon. The arrows indicate the end of the
leader peptides and the beginning of the native subunits.

The hybridization pattern of the PT genes (Fig. 3 and
Table 1) shows that the mutations reported in Fig. 2 are

conserved in a wide variety of strains isolated from different
countries and over a period of 70 years, indicating that the

A B C D E

FIG. 5. ADP-ribosylation of transducin by the recombinant Si
subunits from B. pertussis (A), B. parapertussis (D), and B.
bronchiseptica (E) produced in E. coli as fusion proteins. B and C
are negative controls containing the recombinant S3 and S4 fusion
proteins from B. pertussis, respectively (19).

origin of these three pathogens is clonal. The other two
species related to Bordetella spp. (B. avium and Alcaligenes
spp.) did not contain any DNA homologous to the PT genes,
and therefore, by this analysis, they do not appear to be
related to the other three species of Bordetella.
The conservation of the restriction pattern associated with

the PT genes that we have observed could be of use in the
epidemiological typing of Bordetella strains from whooping
cough epidemics.
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